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Abstract

The Variable Terrain Radio Parabolic Equation (VTRPE) computer model is a
powerful and flexible program that provides calculations of the radar propagation
conditions of the atmosphere. It is limited however, by the accuracy and resolution of the
input data. This study quantifies the sensitivity of the VTRPE model to the accuracy and
resolution of the atmospheric parameters that go into it. Also, two case studies are
examined to test the utility of VTRPE in operational use.

The sensitivity to measurements of pressure, temperature, and humidity was found
to be dependent on the meteorological environment. In standard and subrefractive
environments, average values of Root Mean Squared Error in calculating propagation
pathloss were greatest for measurement errors in humidity. While the overall RMSE
averaged only 0.5% to 5%, in certain regions the errors in calculating pathloss were as
high as 20%.

VTRPE was used to calculate possible height errors when birds were detected at
long ranges from a WSR-88D radar in a ducting environment. While the radar assumes a
standard atmosphere when calculating height, results from VTRPE suggest that this
resulted in possible height errors of over 3 km. Another case study of detected anomalous
propagation was examined to determine the effects of multiple soundings in the VIRPE
calculation of propagation pathloss. In this example, the effect of assuming a

homogeneous atmosphere resulted in propagation pathloss errors of up to 30%.




AN ATMOSPHERIC SENSITIVITY AND VALIDATION STUDY OF THE VARIABLE TERRAIN

RADIO PARABOLIC EQUATION MODEL

Chapter 1. Introduction

Many are familiar with the optical illusions caused by the bending of visible light as
it travels through very strong vertical gradients of temperature ((H/dz ). Mirages and heat

shimmering are common occurrences in arid, desert climates. Also, the scattering of
extra-terrestrial light passing through the entire depth of the atmosphere is known to cause
stars to twinkle in the night sky. This bending phenomena is not limited only to the visible
wavelengths of electromagnetic energy but extends into the VHF radio and radar
frequencies as well. This phenomenon is known as refraction and its effects on radar and
radio wave propagation have been observed since the early 1940’s (Ko, et al. 1983;

Rogers 1996).

a. Background

The use of radar and radio communications is a vital component of successful
military operations. Air traffic control, search radars, guided weapons, and airborne radar
control all make use of radio wave propagation through the atmosphere to send and
receive information. Unfortunately, at the frequencies that these systems operate,

atmospheric conditions are not transparent to the passage of the electromagnetic wave. It




is in the microwave region (VHF to K,-band) of 100 MHz to 30 GHz that variations in the
tropospheric refractivity field can have dramatic effects (Ko ‘et al., 1983).

Most operational systems designers typically assume meteorological conditions of
a range-independent, “standard atmosphere” where the temperature decreases with height
at a rate of approximately 6.5 °C km™ and humidity is constant (see Appendix B).
However, the atmosphere is frequently non-standard and certainly can vary over the
horizontal path of propagation. In the vicinity of frontal boundaries, near thunderstorms,
under clear skies at night, and in many other situations, the temperature and moisture
profiles differ from this standard condition. Most of the time this results in small or
unnoticeable variations in electromagnetic path propagation. However, in some cases the
difference between non-standard and standard atmospheric conditions on the path of a
radio or radar beam can be dramatic. This “anomalous propagation” (AP) is defined as
“the abnormal bending and diversion of electromagnetic radiation from intended paths,
resulting in problems with coverage fading, height errors, and anomalous clutter”
(Schemm et al., 1987). Ryan (1991b) has noted three reasons for this deviation from
standard conditions:

1. Reflection and scattering off the earth’s surface.
2. Earth curvature and terrain cast a shadow causing diffraction.

3. Variations in the atmospheric refractive index causes bending and reflection of
energy.

It is for these reasons that numerous attempts have been made to model the effects of the

atmosphere on electromagnetic wave propagation.




b. Literature Review

Initial efforts at propagation modeling described the path of a radar beam as a
single ray. Using geometric optics and Snell’s Law, one could describe the path this ray of
energy would take through the atmosphere. With the advent of computer technology,
many scientists have written computer programs that model radio wave propagation. One
program widely used by military agencies has been the Integrated Refractive Effects
Prediction System (IREPS) originally described by Hitney and Richter (1976). However,
this program was designed for use aboard naval ships and did not account for horizontal
variations in the atmosphere or terrain.

More recently, a number of models based upon the parabolié wave approximation
(see Appendix A) have been developed to offer a more complete picture of tropospheric
wave propagation. The Electromagnetic Parabolic Equation (EMPE) model developed by
Johns Hopkins Applied Physics Lab is able to describe detailed features of propagation
loss due to anomalous tropospheric refraction (Ko et al., 1983). The EMPE program
allows for greater flexibility in describing the environment and the antenna patterns used in
propagation calculations (Dockery and Konstanzer, 1987). Schemm et al. (1987) used a
numerical model of the atmospheric boundary layer to provide the refractivity estimates to
be used in EMPE to generate propagation path loss diagrams. In 1989, a parabolic
equation model for personal computers (PEPC) was developed and used as part of a
technique to model propagation in range-dependent environments (Barrios, 1992).

With all these recent advances, few studies addressed the sensitivity of propagation

models to the meteorological parameters that go into them. Helvey (1983) revealed that




the measurement error of radiosondes introduces a false bias toward refractive duct
occurrences that can lead to erroneous propagation model calculations. Cook (1991)
evaluated the sensitivity of several evaporation duct height algorithms to atmospheric
parameters. In 1996, Rogers used the Radio Physical Optics (RPO) program to examine
the errors introduced with the assumption of a horizontally homogeneous troposphere.
The latest generation of propagation models include terrain effects in the
calculation of electromagnetic wave propagation. Ryan (1991a, 1991b) developed a
computer program designed to model range-dependent, tropospheric microwave
propagation that accounts for variéble surface terrain and meteorological conditions. This

Variable Terrain Radio Parabolic Equation (VTRPE) model will be the focus of this study.

c. VIRPE

The VTRPE program is a full-wave, propagation physics computer model that
predicts the path a radar or radio wave will travel through an atmosphere that is both
vertically and horizontally variant. It accepts one or more atmospheric refractivity profiles
as meteorological input and generates a range-height diagram of propagation pathloss of
radar energy in decibels (dB). In addition, it has the following characteristics (Ryan,
1991b):

1. infinite or finite conductivity surface boundary conditions
2. Linear transmitter polarization (vertical or horizontal)

3. variable surface terrain elevation and dielectric properties
4. frequency dependent atmospheric attenuation

5. transmitter frequency range from 0.1 to 30 GHz



6. generalized transmitter antenna radiation patterns

d. Problem Statement

This model has promise for operational use in predicting communications and
radar coverage patterns for any terrain and meteorological conditions. However, effective
use of the VTRPE model depends heavily upon accurate meteorological measurements
and forecasts of a sufficient resolution to capture the variability of an inhomogeneous
atmosphere.

The only meteorological input required by the VTRPE model is one or more
vertical refractivity profiles. Measurement of refractivity values typically comes from the
measurements of temperature, pressure, and humidity (see Chapter 2) from the worldwide
network of radiosonde upper-air observing sites. Current vertical resolution of these
reported atmospheric soundings is coarse. The horizontal resolution is even worse due to
the limited number of these observing sites.

Before wide-scale development and operational use of the VTRPE model can
continue, it is important to quantify the sensitivity of this model to measurement errors
and resolution of current observational and forecasting systems. The objective of this
study is twofold:

1. To determine the sensitivity of VTRPE to meteorological inputs, and,

2. To validate observed cases of anomalous radar signatures during ducting
conditions with the results predicted by VIRPE.

In reaching these objectives the author will attempt to answer the following questions:

1. How do changes in horizontal and vertical resolution of data change the results
computed by VITRPE?




2. Does the VTRPE model correctly identify anomalous propagation conditions as
observed on a meteorological radar?

3. How can VTRPE assist in determining height errors in an AP environment?




Chapter 2. Tropospheric Refraction

a. Refractivity

The phenomena of refraction and anomalous propagation are best understood from
the concept of a unitless parameter called the index of refraction. Commonly named the
refractive index of a medium, n is given by the ratio of the speed of light in a vacuum, c, to

the speed of light in the medium, v (Battan, 1977):
n=-. (1)

The speed of light in the medium is calculated from Maxwell’s equations and is always less
than the speed of light in free space. Thus the refractive index exceeds the value of unity
throughout the troposphere’. For convenience purposes, refractive index is often given in
terms of refractivity N,

N =(n-1)x10. (2)
Bean and Dutton (1966) have shown that at microwave frequencies, N is related to the
measured atmospheric variables of temperature, pressure, and humidity. This empirical

relationship is

717.6 e
- - 3
N T (p+4810 TJ 3)

where temperature (T) is in Kelvin, pressure (p) and vapor pressure (¢) are in hPa and N is

unitless.

! The value of n used for the near-earth atmosphere is usually 1.0003.




Equation 1 shows that an increase (decrease) in refractivity corresponds to a
decrease (increase) in the speed of light in the medium. Thus, we would expect that
gradients of N would result in the bending of electromagnetic waves as the velocity with
which they travel through the atmosphere changes. These variations in refractivity are
common in the non-homogeneous troposphere, where there are both vertical and
horizontal gradients of temperature, pressure, and moisture. In most cases, the horizontal
variations of N are so small that only the vertical variations of refractivity are considered
when describing the propagation of electromagnetic energy through the atmosphere (Bean
and Dutton 1966). However, this assumption of horizontal homogeneity is not valid
where strong horizontal variations are known to exist (e.g., across a sea-breeze or extra-
tropical frontal boundaries).

Figure 1 shows the variation of refractivity with height in a standard atmosphere
with different degrees of relative humidity. Under these conditions, N is approximately
300 at the surface and decreases with height since pressure, temperature, and vapor
pressure also decrease with height. The gradient of N is greatest at lower elevations
where the magnitude of temperature, pressure, and vapor pressure is greatest. Also, the
effect of increasing humidity is to increase the vertical gradient of N. The reason for this
is the refractivity dependence on temperature and vapor pressure. The Clausius-
Clapeyron equation given by

deg _ L dT

= 4)
es R, T2

relates the saturation vapor pressure (e;) to temperature (Wallace and Hobbs, 1977;

Fleagle and Businger, 1980). As the temperature increases, the vapor pressure increases




exponentially. Consequently, the contribution of vapor pressure to the calculation of

refractivity increases and is greatest near the earth’s surface.
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Figure 1. Vertical distribution of refractivity for the standard atmosphere. Solid line
represents a dry atmosphere, dotted (RH=33%), dashed (RH=67%), dash-dot
(RH=100%). '

This is evident in Figure 2, which shows how N varies with temperature and
humidity at a constant pressure level (p = 1000 hPa). At temperatures below freezing,
there is very little change in refractivity values between a dry and saturated environment.

This is why AP caused by humidity induced refractivity variations are relatively rare in

cold environments. As the temperature increases, the saturation vapor pressure of the
atmosphere increases dramatically. This greatly enhances the refractivity gradient across

moisture boundaries thus creating a more favorable environment in which AP might occur.
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Figure 2. The dependence of refractivity on temperature and humidity at 1000 hPa
(adapted from Ko et al. 1983). Solid line represents dry atmosphere, dotted (RH=33%),
dashed (RH=67%), dash-dot (RH=100%).

b. Ducting, Super-refraction, and Sub-refraction

As noted previously, the electromagnetic propagation state of the atmosphere is
generally described by the vertical variations in refractivity. Under standard atmospheric
conditions (Figure 1), the vertical gradient of N in the lower troposphere (0-1 km) is a
value between -54 N km™ (100% relative humidity) and -25 N km (dry atmosphere)®.
This decrease in N with height corresponds to a gradual increase in the speed of light

according to Equation 1. Therefore, under standard atmospheric conditions, a beam of

? The most commonly used standard atmosphere refractivity value is -39 N-units km™ which corresponds

to a humidity of approximately 50% through the depth of the troposphere.
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electromagnetic energy propagating through a standard atmosphere tends to be “bent”

downward towards the earth’s surface (Figure 3).

4

Subreftaction

Superrefraction

T -

e —

Figure 3. Classification of Propagation conditions in the Troposphere.

Propagation environments other than standard are classified either as super- or

subrefractive. Subrefractive conditions occur for refractivity gradients less than standard
(e.g., d%z = -20 Nkm™) and the ray of energy is bent less than normal.
Superrefraction occurs when the downward bending of these rays is greater than normal.
This occurs when d%z <-54Nkm™.

Ducting is an extreme case of superrefraction when the energy ray is bent so much
that it actually becomes trapped between a layer in the atmosphere and the earth’s surface.

This is known as a surface, or evaporation, duct and occurs for gradients where

d%z < =157 Nkm'! at the earth’s surface. Ducting can also occur in an elevated layer
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where the beam is trapped between two layers of atmosphere. Ducting is the most
extreme case of anomalous wave propagation and also causes the greatest deviation from
normal refractive conditions (Figure 3).

It is easiest to visualize ducting conditions through the use of another common unit
describing the refractivity conditions of the atmosphere. The modified refractive index, M,
takes into account both the propagation of the wave of energy and the curvature of the

earth. Itis given by,

M=N+(b)10° 5)
where 4 is the height of the electromagnetic wave above the earth’s surface and a is the
earth radius. The advantage of this unit is that atmospheric ducts are easily recognized
when the gradient of M is negative. Figure 4 shows idealized M profiles for three types of
propagation ducts. In an evaporation duct, the M profile decreases with height from the
earth’s surface to the top of the duct. In a surface-based duct, the lowest value of M,
which defines the top of the duct, is less than the value of M at the surface. The surface of
the earth is the bottom boundary of the ducting layer. The elevated duct is bounded on
the top and bottom by the atmosphere. The duct thickness is the height difference
between the top of the duct and the lower level where the value of M equals the value of
M at the top of the duct.

Table 1 summarizes the four types of propagation environments and the commonly

used values of refractivity and modified refractivity units for each.
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Table 1. Summary of atmospheric propagation environments and their associated
refractivity gradients.

Propagation Environment N-gradient, dN/dz M-gradient, dM/dz
| (Nkm™) Mkm™)
Standard Atmosphere
Rel. Humidity=0% -25 +132
Rel. Humidity=50% -39 +118
Rel. Humidity=100% -54 +111
Subrefractive greater than -25 greater than +132
Superrefractive -54to -157 +111t0 0
Ducting less than -157 less than 0
:‘E . g & | Elevated
Duct
Duct Surfac Thickness
Height Duct
Height
M M M

Figure 4. Idealized M profiles for an evaporation, a surface-based, and an elevated
atmospheric propagation duct.

c. Meteorological Conditions Favorable for Duct Formation

As stated above, ducting conditions arise from rapid decreases in refractivity with
height. From Equation 3 we see that rapid decreases in vapor pressure, or rapid increases
in temperature support this type of scenario. Meteorologically, the most common
situation for these to occur simultaneously is in a temperature inversion. Inversions are an

important source of ducting conditions for two reasons: stability and persistence (Bean
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and Dutton, 1966). Stability is irnpprtémt because it inhibits turbulent mixing in the lower
troposphere and allows strong vertical gradients of humidity to develop if there is a source
of significant moisture at the surface. This is one reason why a large number of ducting
phenomena occur in a maritime environment. Secondly, inversions are commonly
associated with slowly moving regions of high pressure that dominate the weather pattern
over large regions. This is significant in that favorable ducting conditions can affect a
large area for a significant period of time.

Temperature inversions can result from one of four processes: advection,
radiation, subsidence, and in a thunderstorm downdraft.

Advection. The flow of dry, warm air over a cool, moist surface creates both
temperature and moisture gradients that are key to duct formation.

Radiation. Clear skies and light surface winds at night assist in the radiational
cooling of the earth’s surface. Evaporation and surface based ducts are usually a result of

this mechanism. However, if the air cools enough so that fog occurs, the latent heat of

condensation is added to the air. Thus, the temperature gradients are reduced and this
helps to inhibit the creation of a duct.

Subsidence. The downward motions associated with upper atmospheric ridges and
surface high pressure cause the air to be heated by adiabatic compression. This warm, dry
air settles over large regions of cool, moist air at the surface. This situation is most
common in the formation of elevated ducts.

Thunderstorm downdraft. The precipitation associated with thunderstorms and

strong rain showers creates a pool of descending air that is much cooler than the
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surrounding environment. This can result in a temperature inversion in the lower
elevations as this cooler air spreads out beneath the base of the storm. Although sharply
defined cases that result in AP are relatively rare, they are important because of its
proximity to the storm.

Though these conditions for temperature inversions and duct formation can occur
any time of the year and in any location, the most common environment for duct formation
is a maritime environment during the summer months. High moisture content near the
surface with very warm surface temperatures capped by drier, cooler air are the key

ingredients for AP conditions.

d. Errors in the measurement of N

Accurate measurement of pressure, temperature, and moisture content is critical
for precise calculation of refractivity in Equation 3. Assuming that this formula for N is
exact, an expression for errors in N given independent errors in pressure, temperature, and
moisture is given by,

oN oN oN
— 0+ —0T+—20e 6
o P+ = £y (6)

SN =

where dp, 6T, and de represent small changes or errors in measurement of pressure,

temperature, and vapor pressure (Bean and Dutton, 1966). Equation 6 can be written as
dN’ = ClAp + CzAT + C3Ae (7

where cj, ¢z, and c; are the partial derivatives of Equation 3 evaluated in reference to a

standard atmosphere. A root-mean-square error for N is then given by

AN = [(clAp)2 + (C2AT)2 + (C3Ae)2 ]}é : (8)
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Typical values for constants c1, ¢z, and c; for a standard atmosphere with 60% relative
humidity are listed in Table 2. The magnitude of c3 indicates that the measurement of
vapor pressure contributes more to the error of calculating N than either pressure or
temperature. Considering the strong temperature dependence of vapor pressure, one
concludes that the measurement error of refractivity is also strongly dependent on
temperature.

Table 2. Values of the constants c;, ¢,, and c3 in Equation 7 and 8 for a standard
atmosphere of 60% relative humidity.

Altitude N P T e Ci C2 Cs
(Km) (hPa) K (hPa) _ (hPa™) () (hPa™)
0 319 1013 288.15 10.3 0.269 -1.27 4.50
1 279 898 282.65 6.7 0.276 -1.10 471
2 244 790 275.15 4.3 0.282 -0.96 493
4 186 602 262.15 1.4 0.296 -0.73 5.43
6 141 445 249.15 0.42 0.312 -0.57 6.01
8 105 318 236.15 0.11 0.329 -0.45 6.69
10 76 219 223.15 0.02 0.348 -0.34 7.50

Figure 5 shows the calculation error of N in a standard atmosphere and 60%
relative humidity where the measurement eITors for a typical radiosonde are £ 1 hPa
pressure (dp), + 0.5 K temperature (87T), and £ 3% relative humidity (proportional to de).
Calculated errors are greatest in the lowest altitudes of the profiles and decrease with
height. This reflects the fact that the temperature and vapor pressure are greatest near the
surface and decrease with height. Also, calculation errors increase significantly when
temperature profiles are warmer than “standard”. In an atmosphere that is uniformly 20
degrees warmer than standard, errors in measuring refractivity are more than twice that of

a standard atmosphere. The error in calculating N at high altitudes (e.g., above 8 km) is

16




